Can future observation of the living partner influence the past decayed
  state in entangled neutral K-mesons ? by Bernabeu, Jose & Di Domenico, Antonio
Can future observation of the living partner influence the past
decayed state in entangled neutral K-mesons ?
Jose Bernabeu∗1 and Antonio Di Domenico†2
1Department of Theoretical Physics, University of Valencia, and IFIC, Univ.
Valencia-CSIC, E-46100 Burjassot, Valencia, Spain
2Department of Physics, Sapienza University of Rome, and INFN Sezione di Roma,
P.le A. Moro, 2, I-00185 Rome, Italy
Abstract
The Einstein-Podolsky-Rosen (EPR) entanglement of a neutral K-meson (kaon) pair enjoys
the peculiar quantum behaviour of mixing, charge-parity CP violation (C– charge conjugation,
P– parity) and two non-orthogonal eigenstates of definite time evolution KL and KS with very
different lifetimes. The dynamics of this “strange entanglement”, experimentally accessible at the
φ-factory, makes possible the search for novel phenomena not accessible in any other system, i.e.
at interference times and at decoherence times of the single partners after their disentanglement,
in order to unveil the nature of the correlation between the two neutral kaons. Until now, the
studies have been concentrated on the single kaon intensity distribution between the two decay
times t1 and t2 with ∆t = t2 − t1 > 0. Here we show that the entire two single time distributions,
before each decay, are physical in both senses: “from past to future”, leading to the state of the
living partner at time t2 from the observation of the first decay channel at t1, and “from future to
past”, leading to the past state of the decayed kaon at time t1 from the observation of the second
decay channel at t2. Our results thus demonstrate an affirmative answer to the title: it does, the
past decayed state depends on the result of the future measurement for the living partner. This
novel effect is truly observable through the first decay time distributions. Besides the implications
for quantum physics for all ∆t, at large decoherence times the resulting first decayed state is
always KS, providing a genuine tag of this kaon state in the decoherence region, and a unique and
important experimental tool to prepare a pure KS beam.
Since long ago, several authors have stated the crucial role that the neutral kaon system has played
for understanding the intrincacies of the quantum world. In particular the words of R. Feynman[1],
T.D. Lee[2] and L. B. Okun[3] are all emphasising the uniqueness of this system as a jewel donated to
us by Nature. They were referring to the peculiar properties of single neutral kaon states, which display
several rare phenomena like the strangeness oscillation, the tiny mass splitting and the large difference
in lifetimes of the physical states, the violation of the fundamental discrete symmetries Charge-Parity
(CP) and Time-Reversal (T ), the regeneration when traversing a slab of material.
The present research is related to another peculiar character of neutral kaons: the “strange entangle-
ment”, i.e. the entanglement which is specific to two neutral kaon systems with all the interconnections
with the above properties. It is worth reminding here that the entanglement is one of the most striking
feature of quantum mechanics, as stressed by E. Schro¨dinger[4], in reply to the famous argument by
A. Einstein, B. Podolsky and N. Rosen[5] (EPR) based on local realism.
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The experimental investigation of strange entanglement started about two decades ago with the
CPLEAR experiment[6] at CERN, with K0K¯0 pairs produced in pp¯ annihilations at rest, but only
in the last decade, with the analyses of the data collected by the KLOE experiment at the DAΦNE
φ-factory[7, 8, 9], where neutral kaons can be copiously produced, several precision results have been
obtained[10, 11, 12, 13, 14, 15]. Further analyses are ongoing and improvements are expected with the
analysis of the data collected by KLOE-2[16, 17, 18], the successor of KLOE at DAΦNE.
The peculiar characteristic behaviour of strange entanglement makes possible the exploration of
phenomena involving the transfer of information from the observation of future decay of the living
partner to the identification of the past kaon state leading to the first decay. This from the future to
the past information, entering into times in which the system was still entangled, could contribute to
unveil the kind of reality to be associated to each part of the system.
The methodology that we follow consists in comparing the description of the double decay distri-
bution at times t1, t2 with ∆t = t2 − t1 > 0 using (i) the formalism of the two decay times state
first introduced by Lee and Yang (LH)[19, 20, 21, 22] with (ii) the time history (TH) of the entangled
state from the coherent correlated neutral kaon system until its fate. The quantum consistency of the
two approaches and the t1, t2 symmetry of the first approach, with no special role of one of the two
decay times, naturally demand the study of a novel problem: is it possible to infer the initial kaon
state in the first decay at t1 from the observation of the second decay at time t2 > t1, i.e. to transfer
information from the future to the past? Contrary to the information transfer from the past to the
future, i.e., the prediction of the kaon state at time t2 from the observation of the first decay at time
t1, the question formulated in this paper involves information on a part of the system at times in which
the state was still fully entangled, i.e. before the first decay, when asking which is which is considered
to be unspeakable in John Bell’s terminology[23].
In the following we analyze the information transfer from past to future, i.e. which is the state
before the second decay at t2, from the observation of the first decay channel at t1. Then we infer
the information transfer from future to past, i.e. which is the state before the first decay at t1,
from the observation of the second decay channel at t2. We identify the decoherence region in ∆t in
which the surviving correlation tells us KL at t2 and KS at t1, providing the unique way to tag a KS
experimentally. We summarize the results presenting some final remarks and our conclusion.
From past to future
We consider an entangled two body neutral kaon system, as actually realised at DAΦNE, with φ →
K0K¯0 decays, the source of EPR coherent K0K¯0 pairs in the C = −1 antisymmetric state:
|i〉 = 1√
2
{|K0〉|K¯0〉 − |K¯0〉|K0〉} . (1)
Under particle exchange we call particle-1 the first one to decay at time t1, particle-2 the last to
decay at time t2. We remind the reader that Quantum Entanglement is associated to Non-Separability
in two aspects:
1. We cannot identify which is which due to indistinguishability.
2. We cannot specify the two parts of the system which are not definite, showing – to the desperation
of Einstein – that the parts have no local physical reality.
In fact, the antisymmetric state (1) is unique and therefore identically given in terms of two generic
linearly independent neutral kaon states |Kα〉, |Kβ〉, orthogonal or not:
|i〉 = Nαβ√
2
{|Kα〉|Kβ〉 − |Kβ〉|Kα〉} (2)
2
with |Nαβ |2 =
(
1− |〈Kα|Kβ〉|2
)−1
, where Kα and Kβ are each an arbitrary linear superposition of K
0
and K¯0. As a particular case, Eq. (2) includes its writing in terms of the KS, KL states with definite
time evolution:
|i〉 = N√
2
{|KS〉|KL〉 − |KL〉|KS〉} (3)
with |N |2 = (1− |〈KS|KL〉|2)−1 ' 1 .
As a consequence, the entangled state |i〉 at any time t after its production remains unaltered, even
in presence of K0 − K¯0 mixing:
|i(t)〉 = N√
2
{|KS〉e−iλSt|KL〉e−iλLt − |KL〉e−iλLt|KS〉e−iλSt}
= e−i(λS+λL)t|i〉 . (4)
If nothing is registered after the observation of the first decay at time t1 (i.e. integrating over all
subsequent decays at times t2 of particle-2), the survival probability of the entangled state is necessarily
characterised by the total width Γ = ΓS + ΓL of the system:
P (t1) = ‖ |i(t = t1)〉 ‖2 = e−Γt1 . (5)
This property holds only for the C = −1 antisymmetric state, but not for the C = +1 symmetric
state in which the time evolution would induce K0K0 and K¯0K¯0 terms due to K0− K¯0 mixing by weak
interactions.
Two decay times state formalism (LY)
Following the LY approach of the two decay times entangled state (4), the correlated state of the two
partners decaying at times t1 and t2 can be formally written as[19, 20, 21, 22]:
|it1,t2〉 =
N√
2
{|KS〉e−iλSt1 |KL〉e−iλLt2 − |KL〉e−iλLt1 |KS〉e−iλSt2} . (6)
Accordingly, the decay amplitude of the initial state |i〉 to channel f1 at time t1 for particle-1 and
channel f2 at time t2 for particle-2, and the corresponding observable double differential decay rate
I(f1, t1; f2, t2) can be readily calculated[24]:
I(f1, t1; f2, t2)LY = |〈f1(t1)f2(t2)|T |i(t)〉|2 = |〈f1f2|T |it1,t2〉|2
=
∣∣∣∣ N√2{〈f1|T |KS〉〈f2|T |KL〉e−iλSt1e−iλLt2 − 〈f1|T |KL〉〈f2|T |KS〉e−iλLt1e−iλSt2}
∣∣∣∣2
= C12{|η1|2e−ΓLt1−ΓSt2 + |η2|2e−ΓSt1−ΓLt2
−2|η1||η2|e−
(ΓS+ΓL)
2 (t1+t2) cos[∆m(t2 − t1) + φ1 − φ2]} , (7)
with 〈fi|T |KS〉 and 〈fi|T |KL〉 the decay amplitudes to the fi channel of KS and KL, and
ηi ≡ |ηi|eiφi = 〈fi|T |KL〉〈fi|T |KS〉 , (8)
C12 =
|N |2
2
|〈f1|T |KS〉〈f2|T |KS〉|2 . (9)
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As a corollary of the above approach one can notice that at an intermediate step of the calculation
– after the first decay at time t1 – the state of the surviving kaon (particle-2) immediately before its
decay at time t2 is expressed as:
|K(2)(t = t2)〉 = 〈f1|T |it1,t2〉
=
N√
2
{〈f1|T |KS〉e−iλSt1e−iλLt2 |KL〉 − 〈f1|T |KL〉e−iλLt1e−iλSt2 |KS〉}
=
N√
2
〈f1|T |KS〉e−i(λS+λL)t1
[
e−iλL∆t|KL〉 − η1e−iλS∆t|KS〉
]
. (10)
Keeping t1 and f1 fixed – the observation – and renormalising the state at time t2 = t1, it corresponds
to the evolution from time t1 to time t2 of the pure state
|K(2)(t = t1)〉 = N2 [|KL〉 − η1|KS〉] , (11)
with N2 a suitable normalization factor. This is precisely the state of the living particle-2 which cannot
decay to f1, as a result of the projection by the decay of particle-1 at t1 as a filtering measurement –
see eqs.(13) and (14) below.
It is worth noting here that due to ∆Γ = ΓS − ΓL 6= 0 two regimes can be identified in the time
evolution of state (11): (i) the generic interference region and (ii) the decoherence region, with the
relative weight of the KS component negligible when the following condition is satisfied:
|η1|e−∆Γ∆t/2  1 [KL-tag]. (12)
At long enough ∆t – depending on what f1 was – the living partner is always a |KL〉. This property is
well understood and it has been used in the past in order to have KL beams “for all practical purposes”
(FAPP) in Bell’s terminology[23].
Time history (TH)
It is worth to point out that the result (11) for the living partner is in agreement with the EPR
instantaneous information transfer due to the first decay when following the time history of strange
entanglement, which we are now going to study in detail.
We first notice that in the case of decay processes, any initial state has some probability per unit
time to decay to a given decay channel f except that with zero probability. In particular the linear
combination
|K9f 〉 = N9f [|KL〉 − ηf |KS〉] , (13)
having a vanishing decay amplitude 〈f |T |K9f 〉 = 0, cannot decay to f . Thus the orthogonal state
to (13), |K⊥9f 〉, is filtered by the decay. As a consequence, in the entangled system |i〉, which can be
rewritten for convenience in terms of these two orthogonal states as:
|i〉 = 1√
2
{|K⊥9f 〉|K9f 〉 − |K9f 〉|K⊥9f 〉} , (14)
the first decay to f1 at time t1 tags the state of the surviving partner as given by Eq.(13) with f = f1
and filters at the same time – on an event-by-event basis – the state |K⊥9f1〉 in the decayed kaon, as
a result of the observation of the f1 channel. The “filtering identity” [25] defines the precise meaning
of the last statement in terms of the decay probability of the decayed state into f1. Here it is worth
underlining that physically this corresponds to an irreversible process where the entangled state |i〉
ceases its existence as a two-body state, with an immediate information transfer from the decayed
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kaon to the survived one, leaving the system in a definite single particle state. In other words, the f1
decay of a kaon on one side prepares (tags), in the quantum mechanical sense, its partner kaon in the
state |K9f1〉 at a starting time t = t1. Then the |K9f1〉 state freely evolves in time – and in this sense
the information transfer is from past to future – until its decay time at t2, see Eq.(10).
In summary four sequential steps are present in the time history of the entangled state |i〉:
1. the time evolution of the state |i〉 from time t = 0 to time t = t1, with definite total width Γ;
2. the projection of the state |i(t = t1)〉 onto the orthogonal pair |K⊥9f1〉|K9f1〉, filtered by the
decay f1, times the decay amplitude of the state |K⊥9f1〉 into the f1 channel;
3. the time evolution of the surviving (single) kaon state |K9f1〉 from time t = t1 to time t = t2;
4. the projection at time t = t2 of the evolved state |K9f1(∆t)〉 onto the state |K⊥9f2〉 filtered by
the decay f2, times the decay amplitude of the state |K⊥9f2〉 into the f2 channel.
These steps straightforwardly lead to the calculation of the observable double differential decay rate
by factorising the amplitudes as follows:
I(f1, t1; f2, t2)TH =
∣∣〈f2|T |K⊥9f2〉〈K⊥9f2 |K9f1(∆t)〉〈f1|T |K⊥9f1〉〈K⊥9f1K9f1 |i(t = t1)〉∣∣2
=
1
2
e−Γt1P
(
K9f1(0)→ K⊥9f2(∆t)
) ∣∣〈f2|T |K⊥9f2〉〈f1|T |K⊥9f1〉∣∣2
= e−Γt1 C12 {|η1|2e−ΓS∆t + |η2|2e−ΓL∆t
−2|η1||η2|e−
(ΓS+ΓL)
2 ∆t cos[∆m∆t+ φ1 − φ2]} (15)
with ∣∣〈K⊥9f1K9f1 |i(t = t1)〉∣∣2 = 12e−Γt1 (16)
and the probability associated to the transition K9f1 → K⊥9f2 defined as[30, 31]:
P
(
K9f1(0)→ K⊥9f2(∆t)
)
=
∣∣〈K⊥9f2 |K9f1(∆t)〉∣∣2 . (17)
One can easily verify that the TH approach is fully consistent with the LY approach:
I(f1, t1; f2, t2)TH = I(f1, t1; f2, t2)LY ≡ I(f1, t1; f2, t2) . (18)
It is worth mentioning that the concepts of quantum entanglement and decay as a filtering mea-
surement – as used in the TH approach – have been instrumental in recent years for identifying initial
and final neutral B0 meson states – using flavour-tags with semileptonic decays and CP-tags with decay
products in a definite CP eigenstate. This allows to connect[26, 27, 28] the experimental intensities to
be measured with the transition probabilities needed for genuine tests of antiunitary symmetries like
Time Reversal T and CPT . Using this conceptual basis, T -Violation has been observed[29] for the B0-
meson, bypassing the well known NO-GO argument for measuring genuine T and CPT asymmetries
in transitions for decaying particles. Similar ideas have been formulated[30, 31] for the case of neutral
kaons taking into account the non trivial impact of the existence of direct CP violation in the decay
and the very different lifetimes of KL and KS, and are presently subject of experimental investigation
in KLOE-2[18].
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From future to past
As already pointed out, the state (11) evaluated from expression (10) in the LY approach coincides
with the state |K9f1〉 of the surviving kaon after the first decay in the TH approach. The t1, t2
symmetry of the correlated state in the LY approach – Eq.(6) – with no special role of one of the two
decay times, demands the exploration of its implications when projecting it onto the f2 channel at
time t2. The resulting past decayed state at time t1 is:
|K(1)(t = t1)〉 =〈f2|T |it1,t2〉
=
N√
2
{〈f2|T |KL〉e−iλLt2e−iλSt1 |KS〉 − 〈f2|T |KS〉e−iλSt2e−iλLt1 |KL〉}
=
N√
2
〈f2|T |KS〉{e−iλSt1
[
η2 e
−iλLt2 |KS〉
]− e−iλLt1 [e−iλSt2 |KL〉]} .
(19)
Expression (19) corresponds to the state of the decayed kaon (particle-1) immediately before its decay
at time t1, once t2 and f2 are fixed – the future “fate” of its partner. Keeping t2 and f2 fixed – the
observation – and varying the first decay time t1, it corresponds to the single kaon evolved state, before
the first decay, from time t = 0 to time t = t1 of the state
|K(1)(t = 0)〉 = N1{η2e−iλLt2 |KS〉 − e−iλSt2 |KL〉} , (20)
with N1 a suitable renormalization factor. Contrary to eq.(11) which is independent on the past t1
decay time, eq.(20) shows a dependence not only on the decay channel f2, but also on the future t2
decay time.
This is a striking result which clearly involves an information transfer from the future observation
at time t2 to the past, inferring the initial kaon state before its first decay at t1, therefore tagging it
during the time evolution of the entangled state |i〉 described by eq.(4) when the state of particle-1
(and particle-2) should have been undefined in the absence of any observation. We insist that the
post-diction implied by Eq.(19) is not an artefact of the formalism but a factual observable accessible
to experimental studies and thus it is fully physical. The reader may check, for consistency, that the
particular case of t1 = t2 leads to the state |K(1)(t = t1 = t2)〉 not decaying to f2, as demanded by
antisymmetry.
The interference and decoherence regimes: the KS tag
As a counterpart of the observability of the pre-dicted Eq. (10) through the t2 time distribution of the
second decay, once the first decay to the f1 decay channel at t1 is fixed, the t1 time distribution of the
first decay as post-dicted in Eq. (19) is also observable, once the second decay channel f2 and the decay
time t2 are fixed. As function of t1, two different regimes can be identified: the generic interference
region, in which the t2 dependence of eq.(20) is apparent, and the decoherence region, in which the
relative weight of the KL component is negligible. Decoherence is reached for large ∆t satisfying the
condition:
e−∆Γ∆t/2/|η2|  1 [KS-tag] , (21)
consistent with having a pure KS beam before the first decay. Due to CP violation and the non-
orthogonality of the stationary states 〈KL|KS〉 6= 0, there is no decay channel able to tag either
KS or KL on an event-by-event basis. While it is relatively easy to prepare FAPP pure KL beams,
fulfilment of condition (21) constitutes the only known FAPP method to actually post-pare a KS beam
(i.e. the short-lived stationary state) with arbitrary high purity (depending on ∆t and η2), preparation
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otherwise impossible with other methods. As illustration of the observables in the two different regimes,
Figure 1 shows the decay rate distribution into a generic channel f1 of state (19) as a function of t1
in two cases: either observed at t2 = 3 τS (interference region) or when condition (21) is satisfied
(decoherence region), with f2 = f1 to maximize the interference effects and make visible the difference
between the two cases. For comparison, the behaviour of the decay rate into channel f1 irrespective
of the subsequent decay at time t2 (see eq.(5) ) is also shown. Whereas the last shows a definite
total width Γ, the future observation in the decoherence region shows a definite width
ΓS, and the future observation in the interference region leads to a t1-distribution with
no definite lifetime. In the latter case the t1 distribution does depend on the decay channel.
The KLOE/KLOE-2 experiment has already used the method based on condition (21) to select a
pure KS beam to study its semileptonic decay[14], to search for its rare CP violating decay[13] into 3pi0,
and to study the KS decay time distribution and KS,L interference with f1 = f2 = pi
+pi− [10, 11, 12, 15] .
In light of these results, the KLOE-2 experiment is in an unique position to perform a full experimental
verification of the surprising phenomenon discussed in this paper about the information transfer from
future to past implied by result (19).
Remarks and Conclusions
Entanglement has played a fundamental role in quantum physics since the EPR discovery of quan-
tum correlations and its physical implications with the Bell’s inequalities. The coherent behaviour is
translated into instantaneous information transfer – between the two partners — not subjected to the
rules of a signal propagation, when a measurement on one partner is performed. In these studies, a
space-like interval between the two partners is therefore preferred.
In the case of entangled neutral mesons in the C = (−) state, the dynamics before the first decay
was considered to be trivial, even with mixing, as corresponding to a definite time evolution with the
total width of the system. Hence the experimental studies were concentrated in the observation of
the single kaon decay rate distribution between the two decays depending on ∆t. The first decay acts
as a filtering preparation of the initial single state of the living partner. Our paper demonstrates the
consistency of this description in terms of observables like: What is the state of the living partner at the
time t2 of the second decay?, a well defined – speakable – question after the measurement of the first
decay channel f1 at t1. Asking What was the state of the first decayed kaon?, however, was considered
to be unspeakable. Our study from future to past leads to the conclusion that this last contention is
only valid as long as no future observation is made.
The present research has gone indeed a step further and seems to recognize that the correlation
between the two partners survives their explicit dynamics, with a transition from the quantum corre-
lation of entanglement to a classical correlation of separable KS KL states. The information transfer
from a future measurement on the living partner – f2 decay channel at t2 – to the state of the decayed
meson at t1 is most surprising. Entering into the entangled region, i.e. just before the first decay, is
not an artefact of our formalism, but a precise experimental observable through the t1 distribution of
decays in any channel, as shown in Fig.1. These measurements are being performed by the KLOE-2
Collaboration. This is so for even situations of decoherence, Eq.(21), a physical situation only reach-
able for strange entanglement with the two very different lifetimes of KL and KS. The relevance of
this result for particle physics is outstanding: the unique way to tag what a KS is.
Our results seem to confirm the counter-intuitive feature of time in quantum mechanics, also pointed
out when discussing different phenomena in the context of delayed choice experiments and quantum
erasers[32, 33]. The surprising influence of a future observation on the past element of reality – in the
EPR terminology – with a seeming violation of causality merits further thinking to unveil what kind
of reality is behind the undefined lack of local realism.
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Figure 1: The decay rate distribution into a generic channel f1 of state (19) as a function of t1 for
the future observation at t2 = 3 τS (solid line), and when condition (21) for decoherence is satisfied
(dashed line), with f2 = f1. For comparison, the behaviour of this distribution irrespective of the
subsequent decay at time t2 is also shown (dotted line). In the last case ΓL has been multiplied by
a factor 100 with respect to its actual value in order to appreciate graphically the difference between
dotted and dashed lines. These two t1 distributions show a definite lifetime and do not depend on the
decay channel f1. All distributions are normalised to unity at t1 = 0.
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Methods
The neutral kaon system
The eigenstates of the effective Hamiltonian describing a single neutral kaon are the short- and long-
lived physical states |KS〉 and |KL〉. They have definite masses mS,L and lifetimes τS,L and evolve as
a function of the kaon proper time t as pure exponentials
|KS(t)〉 = e−iλSt|KS〉
|KL(t)〉 = e−iλLt|KL〉 , (22)
with λS,L = mS,L − iΓS,L/2, and ΓS,L = (τS,L)−1. They are usually expressed in terms of the flavor
eigenstates |K0〉, |K¯0〉 as:
|KS〉 = 1√
2 (1 + |S |2)
[
(1 + S)|K0〉+ (1− S)|K¯0〉
]
(23)
|KL〉 = 1√
2 (1 + |L|2)
[
(1 + L)|K0〉 − (1− L)|K¯0〉
]
, (24)
with S and L two small complex parameters describing the CP impurity in the physical states. One
can equivalently define  ≡ (S + L)/2, and δ ≡ (S − L)/2; adopting a suitable phase convention
 6= 0 implies T violation, δ 6= 0 implies CPT violation, while δ 6= 0 or  6= 0 implies CP violation.
Time-like vs space-like events
Some of the features described in this paper have been already observed in the KLOE experiment at
DAΦNE and can be further investigated at KLOE-2. Contrary to other studies, experiments on the
phenomena discussed here, such as the time distributions of Figure 1, should be also convenient for
time-like events, with the decay at time t2 within the future light-cone of the previous decay at t1 and
not depending on any particular choice of the reference frame.
The ordered decay times t1 and t2 (t2 > t1) can correspond to space-like or time-like events. For
two particles with the same mass and flying back-to-back in the center of mass (CM) frame, the
corresponding conditions are
space-like:
t1
t2
> R (25)
time-like:
t1
t2
< R (26)
with R = 1−βK1+βK ≤ 1 , and βK the velocity of the kaons in the CM frame.
At DAΦNE, with the decaying φ-meson almost at rest in the laboratory frame and βK ' 0.22,
one has R ' 0.64 and condition (26) easily satisfied for decays within the large volume detector of
KLOE/KLOE-2. In the case of J/Ψ-mesons produced at a charm-factory and decaying into a neutral
kaon pair, βK ' 0.95, R ' 0.027, one has a kind of complementary situation and an easier fulfilment
of condition (25) for space-like events.
Finally it is worth underlining that the “free will of the experimenter” could be to some extent
introduced in the information transfer process by using a regenerator. In this case one substitutes the
spontaneous decay with the strong interaction of kaons with a slab of material.
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